The Goos-Hänchen (GH) shift is simulated and experimentally studied when the Bloch surface wave is excited in the forbidden band of a one-dimensional photonic band-gap structure for an excitation beam with different divergence. By changing the beam waist radius, a correspondingly changed Goos-Hänchen shift curve can be observed, where with a larger waist radius and the corresponding less divergence of the excitation beam, a greater GH shift that is closer to the Artmann estimation is obtained. The experimental demonstration of this phenomenon agrees well with the theoretical simulation.
Introduction
As is well known, a bounded beam of light undergoes a tiny lateral displacement, which is known as the Goos-Hänchen (GH) shift, between the incident light and the reflected light when the total reflection happens at the interface between two media. The GH shift has been studied both theoretically and experimentally ever since being discovered [1, 2] . It reveals that this phenomenon is due to the phase change during the reflection and universally exists at the order of the wavelength. Various structures containing different kinds of media have been studied and demonstrated in order to enhance the GH shift, such as metal [3, 4] , photonic crystals [5] [6] [7] , surface wave devices [8, 9] , negative refractive index (left-hand) materials [10] , absorbing media [11] , and graphene [12, 13] . Among them, the GH shift could be boosted to tens of microns and even sub-millimeters of magnitude [5, 14] , which makes the study of the GH phenomenon not only of scientific interest, but also feasible for potential practical applications like sensing, switching [15] , and so on.
In previous work [9, 16] , the optical field distribution of the reflected beam for the case of a typical surface electromagnetic waves, configuration in both near and far field has been studied. The results show that observational distance affected the phase distribution of reflected light. In other words, the curve of the GH shift became fast distortion in the near-field region, while in the far field this distortion disappeared.
In this paper, we demonstrate the influence of the excitation beam divergence on GH shift from both simulation and experiment. In Section 2, GH shifts are simulated for different beam waist radiuses. We find that as the waist radius is increased, the GH shift is close to the theoretical value.
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In Section 3, GH shift enhanced by the Bloch surface wave is experimentally studied, and the simulation result introduced in Section 2 is verified by experiments. Simulations and experiments show that the excitation beam waist radius is one of the important factors affecting the GH shifts enhanced.
Theory and Analysis
The stationary phase theory proposed by Artmann in 1948 [1] explains that the GH shift is the summation of the contribution for different spatial frequencies experiencing different phase changes in a bounded beam. The following equation is still widely used in predicting the relation between the GH shift and the phase change during reflection for a quasi-collimated beam:
where D is the GH shift, λ is the wavelength, φ is the phase of the reflection coefficient, and θ is the incident angle, respectively. The schematic diagram of the GH shift is shown in Figure 1 .
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where D is the GH shift, λ is the wavelength, ϕ is the phase of the reflection coefficient, and θ is the incident angle, respectively. The schematic diagram of the GH shift is shown in Figure 1 . However, for a bounded beam, a more accurate GH shift can be estimated using diffraction theory [9, 17] . For a Gaussian beam, the incident optical field distribution with the beam-waist radius w0 is given by:
According to the diffraction theory, the optical field distribution for observation can be derived as [9] :
where r(kx) is the complex reflective function associated with incident angle, θ is the incident angle, k is the wavenumber in the incident medium, kx and ky are the wavenumbers in x and y direction respectively, and kx 2 +ky 2 = k 2 , σ=(kx-ksinθ)/(kcosθ)represents the divergence of the kx vector to the central incident wavenumber ksinθ.
According to Eq. (3), it is shown that for the same reflection surface (the same r), the reflected optical distribution, i.e., the shape of the reflected beam, depends on the divergence of the excitation beam, which corresponds to the waist radius of the incident Gaussian beam. As such,the GH shift calculated through the reflected optical distribution depends on the waist radius of the incident beam. However, for a bounded beam, a more accurate GH shift can be estimated using diffraction theory [9, 17] . For a Gaussian beam, the incident optical field distribution with the beam-waist radius w 0 is given by:
where r(k x ) is the complex reflective function associated with incident angle, θ is the incident angle, k is the wavenumber in the incident medium, k x and k y are the wavenumbers in x and y direction respectively, and k x 2 + k y 2 = k 2 , σ = (k x − ksinθ)/(kcosθ) represents the divergence of the k x vector to the central incident wavenumber ksinθ.
According to Equation (3), it is shown that for the same reflection surface (the same r), the reflected optical distribution, i.e., the shape of the reflected beam, depends on the divergence of the excitation beam, which corresponds to the waist radius of the incident Gaussian beam. As such, the GH shift calculated through the reflected optical distribution depends on the waist radius of the incident beam.
Simulation
A one-dimensional photonic band-gap (PBG) structure that supports the Bloch surface wave (BSW) is simulated, where the structure is substrate/(HL) 9 /HL'. Here H, L and L' are corresponding to the higher index layer, lower index layer and lower index buffer layer, respectively, as shown in Figure 2 .
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Figure2(a) photograph of the fabricated 1D PBG structure on a ZF 10 glass substrate (b) structure of 1D PBG.
The incident beam is set as 980nm for TM-polarization. The dielectric materials are TiO2 and SiO2, for the high and low index layers, respectively, where their reflective indices are set as 2.30 and 1.45 and the thicknesses are 163nm and 391nm respectively. The buffer layer on top is a layer of low index dielectric with a thickness of 500nm. The thickness of the high index, low index and buffer layerare designed according to the theory of the photonic band-gap [18] . The multilayer stack is deposited on a ZF10 glass substrate, where the reflective indexis set as1.668. The external medium cladded is set to water with the reflective index of 1.33. According to our previous work [5] , the loss of the TiO2 and SiO2 multilayer structure is set as 10 -4 . Figure 3 show that reflectivity and phase under different incident angles, when BSW occurs, calculated using the Fresnel equations. For a focused beam with a beam waist size of w0, the beam divergence angle θ could be calculated, and so is the kx vector, which determines the integration range in Eq. (3). For a quasi-collimated beam (w0=2580μm, beam divergence angle =0.007°, or a larger beam), as shown in Figure 3 , the corresponding angular range is relatively small. Within this small angular range, the reflectivity intensity changes little, and the phase change is approximately linear. As the radius decreases, the angular range is broadened, where the reflectivity intensity cannot be regarded as one single value and the higher order components other than linear approximation for the phase change cannot be neglected. The simulation results of seven different waistradiusesare shown in Figure 4 .The simulated GH shift values are obtained by numerically calculating the reflected field distribution of a Gaussian beamand the result is calculated using Eq. (3).From Figure 4 (a), we note that the larger the waistradius, the narrower the peak of the GH shift, and the closer the corresponding GH shift is to the Artmann estimation. Also, as shown in Figure 4 (b), the calculated The incident beam is set as 980 nm for TM-polarization. The dielectric materials are TiO 2 and SiO 2 , for the high and low index layers, respectively, where their reflective indices are set as 2.30 and 1.45 and the thicknesses are 163 nm and 391 nm respectively. The buffer layer on top is a layer of low index dielectric with a thickness of 500 nm. The thickness of the high index, low index and buffer layerare designed according to the theory of the photonic band-gap [18] . The multilayer stack is deposited on a ZF10 glass substrate, where the reflective indexis set as 1.668. The external medium cladded is set to water with the reflective index of 1.33. According to our previous work [5] , the loss of the TiO 2 and SiO 2 multilayer structure is set as 10 −4 . Figure 3 show that reflectivity and phase under different incident angles, when BSW occurs, calculated using the Fresnel equations. For a focused beam with a beam waist size of w 0 , the beam divergence angle θ could be calculated, and so is the k x vector, which determines the integration range in Equation (3).
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GH shift is approaching the estimation calculated through the Artmann equation as the waistradius increases, in an exponential-likehood manner. 
Experiment and Result
The experimental setup is based on a typical Kretschmann-Raether prism-coupled configuration. As shown in Figure 5 , the 1D PBG device is attached to a high-index SF10 prism (n=1.704), and a flow cell made of polydimethylsiloxane (PDMS) is attached to the buffer layer side of the device. A 980nm fiber-pigtailed Fabry-Perot laser is used as the light source, whose output is collimated by a lens (f=12mm) and set to TM polarization using a Polarization Beam Splitter (PBS). The collimated beam has a waist of ~800μm. The Bloch surface wave is then excited by the incident light when water is injected into the flow cell and clads the buffer layer of the device [19] . As the Block surface wave can strongly enhance the GH shift to sub-millimeter magnitude, the resulting lateral shift is detected by the Position Sensitive Detector (PSD) (Hamamatsu Photonics, S3979). The PSD converts the position of a beam incident to the detector into an output voltage, where the readout voltage linearly corresponds to the beam position. So before using the PSD for experiments, the calibration is carried out first, where the incident light is fixed, and the PSD is mounted on a linear translation stage. The center of the PSD is found by monitoring the zero output voltage while moving the position of the PSD horizontally. Once the central position of PSD is found, it is moved to the left for 500μm and then scanned backwards to the right for a total distance of 1mm with an interval of 100μm. During the interrogation, the voltage readout for each position is recorded as shown in Figure 6 , where a linear relationship is obtained with a slope of 161μm/V. 
The experimental setup is based on a typical Kretschmann-Raether prism-coupled configuration. As shown in Figure 5 , the 1D PBG device is attached to a high-index SF10 prism (n = 1.704), and a flow cell made of polydimethylsiloxane (PDMS) is attached to the buffer layer side of the device. A 980 nm fiber-pigtailed Fabry-Perot laser is used as the light source, whose output is collimated by a lens (f = 12 mm) and set to TM polarization using a Polarization Beam Splitter (PBS). The collimated beam has a waist of~800 µm. The Bloch surface wave is then excited by the incident light when water is injected into the flow cell and clads the buffer layer of the device [19] . As the Block surface wave can strongly enhance the GH shift to sub-millimeter magnitude, the resulting lateral shift is detected by the Position Sensitive Detector (PSD) (Hamamatsu Photonics, S3979). 
The experimental setup is based on a typical Kretschmann-Raether prism-coupled configuration. As shown in Figure 5 , the 1D PBG device is attached to a high-index SF10 prism (n=1.704), and a flow cell made of polydimethylsiloxane (PDMS) is attached to the buffer layer side of the device. A 980nm fiber-pigtailed Fabry-Perot laser is used as the light source, whose output is collimated by a lens (f=12mm) and set to TM polarization using a Polarization Beam Splitter (PBS). The collimated beam has a waist of ~800μm. The Bloch surface wave is then excited by the incident light when water is injected into the flow cell and clads the buffer layer of the device [19] . As the Block surface wave can strongly enhance the GH shift to sub-millimeter magnitude, the resulting lateral shift is detected by the Position Sensitive Detector (PSD) (Hamamatsu Photonics, S3979). The PSD converts the position of a beam incident to the detector into an output voltage, where the readout voltage linearly corresponds to the beam position. So before using the PSD for experiments, the calibration is carried out first, where the incident light is fixed, and the PSD is mounted on a linear translation stage. The center of the PSD is found by monitoring the zero output voltage while moving the position of the PSD horizontally. Once the central position of PSD is found, it is moved to the left for 500μm and then scanned backwards to the right for a total distance of 1mm with an interval of 100μm. During the interrogation, the voltage readout for each position is recorded as shown in Figure 6 , where a linear relationship is obtained with a slope of 161μm/V. The PSD converts the position of a beam incident to the detector into an output voltage, where the readout voltage linearly corresponds to the beam position. So before using the PSD for experiments, the calibration is carried out first, where the incident light is fixed, and the PSD is mounted on a linear translation stage. The center of the PSD is found by monitoring the zero output voltage while moving the position of the PSD horizontally. Once the central position of PSD is found, it is moved to the left for 500 µm and then scanned backwards to the right for a total distance of 1 mm with an interval of 100 µm. During the interrogation, the voltage readout for each position is recorded as shown in Figure 6 , where a linear relationship is obtained with a slope of 161 µm/V. During the experiment, the prism and the Block surface wave device are placed on a motorized rotation stage, which is controlled by a stepper motor to change the incident angle. Total internal reflection occurs when the incident angle is greater than the critical angle.The incident angle is continuously changed from 53.4 deg to 53.9 deg by rotating the motorized rotation stage, among which the Bloch surface wave is excited, and the PSD is used to record the shift of the reflected beam. As the said 1D PDG device is only designed to excite the Block surface wave for TM polarization in this angular range, TE polarization could be used as the reference for GH shift measurement. Therefore,that the GH shift could be retrieved by subtracting the PSD readout for TM polarization from that for TE polarization. As shown in Figure 7 , the maximum of the GH shift is obtained when incident angle equals to 53.69 deg, where the Block surface wave is excited. As shown in Figure 7 , the blue curve is obtained for an incident beam with a waist radius of ~800μm and the red curve for a waist radius of ~1100μm. For a larger incident beam, the obtained maximum of the GH shift is larger, and the corresponding full width at half maximum is narrower. For an incident beam with a waist radius of ~1100μm, the Block surface wave enhanced GH shift is as large as 326μm, which agrees well with the simulation result in Figure 4 .
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